In an old Gene Wilder movie, an attractive woman dressed in red devastated a man's current relationship. We have found a similar 'Woman in Red' effect in pipefish, a group of fish where pregnancy occurs in males. We tested for the existence of pregnancy blocks in pregnant male black-striped pipefish (Syngnathus abaster). We allowed pregnant males to see females that were larger and even more attractive than their original high-quality mates and monitored the survival and growth of developing offspring. After exposure to these extremely attractive females, males produced smaller offspring in more heterogeneous broods and showed a higher rate of spontaneous offspring abortion. Although we did not observe a full pregnancy block, our results show that males are able to reduce investment in current broods when faced with prospects of a more successful future reproduction with a potentially better mate. This 'Woman in Red' life-history trade-off between present and future reproduction has similarities to the Bruce effect, and our study represents, to our knowledge, the first documentation of such a phenomenon outside mammals.
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In an old Gene Wilder movie, an attractive woman dressed in red devastated a man's current relationship. We have found a similar 'Woman in Red' effect in pipefish, a group of fish where pregnancy occurs in males. We tested for the existence of pregnancy blocks in pregnant male black-striped pipefish (Syngnathus abaster). We allowed pregnant males to see females that were larger and even more attractive than their original high-quality mates and monitored the survival and growth of developing offspring. After exposure to these extremely attractive females, males produced smaller offspring in more heterogeneous broods and showed a higher rate of spontaneous offspring abortion. Although we did not observe a full pregnancy block, our results show that males are able to reduce investment in current broods when faced with prospects of a more successful future reproduction with a potentially better mate. This 'Woman in Red' life-history trade-off between present and future reproduction has similarities to the Bruce effect, and our study represents, to our knowledge, the first documentation of such a phenomenon outside mammals.
Background
Biologists were initially baffled by the description of female mice (Mus musculus) blocking pregnancies when exposed to unfamiliar males [1, 2] . This phenomenon, the Bruce effect, has since been observed in a wide variety of mammals (e.g. meadow voles [3] , collared lemmings [4] , lions [5] , horses [6] and geladas [7] ), both in the laboratory and in nature, but has not been observed in other taxonomic groups. As life-history theory predicts that investment in reproduction should mirror expected fitness benefits, a commonly accepted adaptive explanation for the apparently spontaneous abortions is that females whose current offspring are susceptible to infanticide can minimize losses by terminating pregnancies upon the arrival of a new male [7] . Thus, from the female's perspective, the strategy may be adaptive in the sense that it mitigates the sexual conflict that arises from the presence of novel males, who might be predisposed to kill her offspring. From the male's perspective, infanticide is adaptive because the male stands to benefit by eliminating a competitor's offspring and inducing the female to enter oestrous sooner than would be possible if she carried her pregnancy to term. Because similar selective pressures are present in taxa other than mammals, evolutionary theory provides no a priori rationale for the taxonomic restriction of a pregnancy block phenomenon to mammals.
Other taxa with intimate connections between brooding parents and offspring, as occurs in a mammalian pregnancy, should be particularly prone to pregnancy blocks. One such group is the fish family Syngnathidae (seahorses, pipefish and seadragons), in which some genera have evolved a very sophisticated form of pregnancy, with the unusual twist that the male is the sex that becomes pregnant [8] . During mating, the female transfers eggs to the male's incubating surface or pouch, where eggs are fertilized, ensuring full certainty of paternity [9, 10] . During development, the brood pouch not only provides the embryos with protection [11] and osmoregulation [12] , but it also allows for the exchange of nutrients between parent and offspring [13] [14] [15] as well as trans-generational immune priming [16] . The syngnathid brood pouch can thus be viewed as a structure analogous to the mammalian uterus [17] . This enclosed space, together with the intimate relationship formed between father and offspring, sets the stage for post-copulatory selection to operate. Indeed, an extension of female-female competition, in the form of intra-brood competition, has already been suggested for the broadnosed pipefish, Syngnathus typhle [18, 19] . More recently, the observation of increased brood reductions in pregnancies from small females, when males had previously mated with larger, higher quality females, led authors to suggest that a strategy of male cryptic choice is present in the Gulf pipefish, Syngnathus scovelli [20] .
Unlike mammals, infanticide avoidance cannot be the driver of an eventual pregnancy block in syngnathids. Although cannibalism on newborns is common [21] , it is not solely done by dominant females and does not appear to play a role in social interactions (syngnathids provide no parental care after birth). Thus, we hypothesized that a partial or complete pregnancy block, should it exist in syngnathids, would probably result from a male-specific life-history strategy in which the male reduces investment in a current brood in response to cues indicating that his future broods will be of higher quality. This may happen if he encounters a female of higher quality than the one he just mated with, which forms the rationale of our experiments. As a modest homage to the recently departed actor and director Gene Wilder, we term this hypothesized negative impact on embryo development the 'Woman in Red' effect. Much like in the 1984 movie with the same title (a remake of a French film entitled 'Un é lé phant ça trompe énormément'), the male would presumably devalue his current status for the prospect of mating with a sexier female. Here, we used the black-striped pipefish, Syngnathus abaster, to test whether males are able to curb or terminate pregnancies after exposure to new, higher quality females. In this species, males can receive eggs from one to four females per pregnancy [22] , and are known to prefer larger females [23] .
Methods (a) Animal collection and handling
We used data from a total of 435 pipefish (298 females and 137 males), including information from 284 individuals (241 females and 43 males) sampled in 2014 to establish female size distribution in the wild and egg numbers in pregnant males (see the electronic supplementary material). With pipefish sampled in 2015 (n ¼ 151), we performed two laboratory experiments using 108 pipefish (57 females and 51 males). Both males and females were photographed before the onset of any experiment to obtain length measurements. In the first experiment, we aimed to assess if embryo development can be affected if the recently pregnant male is exposed to a new, unfamiliar female. We used a total of 76 individuals (46 females and 30 males), divided into four experimental groups. The second experiment, using 32 pipefish (11 females and 21 males), investigated if the presence of a new and very large female amplified brood reductions (i.e. offspring abortions). We also sampled 83 males to verify if pregnancies in the wild regularly involve brood reductions and how developmental heterogeneity changes during pregnancy. In all four experimental groups, a non-pregnant male was first paired with a female in a 10 l aquarium (temperature and light regimes were the same as during the acclimation period). After mating, the female remained in contact with the male for the next 5 days ( figure 1 ). This was done for two reasons: (i) to increase egg transfer because, in S. abaster, females tend to transfer eggs in batches, and (ii) for the brood pouch to fully seal. At this point, a transparent divider was installed to separate the male from the female, forming two equally sized compartments (preventing physical contact, but allowing visual and chemical communication).
The female with which the male mated in groups 1, 2 and 3 was above-average in size for the studied population (electronic supplementary material, figure S1c), whereas males from group 4 mated with even larger females. We used above-average females (electronic supplementary material, figure S1c) to ensure that males did not invest less in current reproduction because they were mating with less preferred females, as hypothesized for other pipefish [20] . In group 1 (n ¼ 6), each male was mated with a female who subsequently was maintained in the aquarium, also after the separation, up to parturition (figure 1). In group 2 (n ¼ 8), the first female was substituted for a new but equally sized female upon the introduction of the transparent divider. In group 3 ('Woman in Red' group; n ¼ 8), the first female was replaced by a new but very large female, known to be preferred by black-striped pipefish males [23] . Group 4 was set to examine some of the direct benefits gained by males who initially mated with a 'sexier', very large female. Thus, the set-up for group 4 (n ¼ 8) was similar to that of group 1, with the exception that we used a very large female from the very beginning who then remained adjacent to the male throughout his pregnancy. Once juveniles emerged from the pouch, the duration of pregnancy was registered. Juveniles were then gently collected with a hand-net and momentarily placed in a shallow aquarium, where they were counted and photographed for length measurements conducted in IMAGEJ v. 1.6. As offspring are generally very active, we selected photographs where most of the individuals (varying from 20 to 100%) were well focused, thus allowing more precise measurements.
We performed a one-way ANOVA with all the different groups of females used in our experiments (including those from experiment 2, described below; see the electronic supplementary material) to verify if the very large females differed in size from the above-average sized females (data were square-root transformed to achieve homogeneity of variances). As intended, we found differences in body length among female groups (one-way ANOVA, F 6,50 ¼ 23.45, p , 0.001). Post hoc tests (StudentNewman-Keuls) revealed that all groups containing the above-average females were similar, and smaller, than those formed by the very large females (also similar among themselves).
One-way ANOVAs were also conducted to test for group effects on the number of offspring emerging from the pouch (data were log transformed for normality) and offspring size. Homogeneity of variances was assessed with Levene's test and normality with the Shapiro-Wilk test for all parametric tests. Correlations were computed to test whether male size related with the number of offspring, duration of pregnancy and of juvenile length at birth. Pregnancy length was analysed using survival analysis ('survival' and 'survminer' libraries, in R), with survival curves estimated using the Kaplan-Meier formula. No censored data were used as we were able to record the approximate time of parturition for all pregnant males. Multiple comparisons were made using post hoc analysis for log-rank test, with the Bonferroni adjustments. Other statistical analyses were conducted in STATISTICA v. 10.
(ii) Experiment 2: does the presence of a new very large female increase the occurrence of aborted embryos in pregnant males?
During our first experiment, we did not look inside the opaque marsupium to avoid disturbing ongoing pregnancies. Therefore, a second experiment, using 32 pipefish (11 females and 21 males), was performed to investigate if exposure to very large females contributed to higher brood reductions (see the electronic supplementary material). Two groups were established: (i) 10 randomly picked males were allowed to continue their pregnancy without contact with any female, and (ii) the remaining 11 males were each paired with a very large female. Male size was similar between the two groups (t-test, t 19 ¼ 21.00, p ¼ 0.33) and average female body length was 10.74 + 0.30 cm (n ¼ 11). After 7 days, males were over-anaesthetized using a solution of tricaine methanesulfonate (MS-222) and brood pouches dissected. We counted the number of males with aborted embryos in each of the two groups. Embryo development failure is particularly obvious during the first half of the pregnancy, with eggs containing aborted embryos becoming whitish and opaque. To verify the predicted increased frequency of brood reduction when in the presence of a very large female, we used a one-tailed x 2 test. To assess if males with aborted embryos differed in size from those without abortions, we conducted a logistic regression.
(c) Field study (i) Do wild males modulate reproductive investment by brood reduction?
We sampled pregnant male pipefish (n ¼ 43) near the onset of the breeding season (see the electronic supplementary material). We estimated pregnancy duration after contrasting our photographs of the embryos with available ontogeny data [24] . With these data, we were able to estimate embryo growth rate within the male's pouch (electronic supplementary material, figure S1a). We then selected two clearly non-overlapping developmental stages, either near the onset or end of pregnancy, to assess (i) the potential occurrence of brood reduction in the wild, and (ii) changes in the variance in embryo body length during pregnancy. Specifically, we selected males either in the early (embryos still developing within the egg; approx. 2-7 mm) or late pregnancy stages (embryos already hatched from the egg, but still within the male's brood pouch; approx. 11-16 mm). As embryo size naturally increases during ontogenetic development (electronic supplementary material, figure S1a), we opted to use the coefficient of variation (standard deviation in the brood divided by the mean; CV) to compare developmental heterogeneity between early and late pregnancy stages. We also calculated the CV of the experimental groups from our first experiment (effect of a new female on hatched offspring length). Given that closely related pipefish are able to abort embryos under controlled breeding experiments [20] , we wanted to know if brood reduction naturally occurs in the wild. Pooling data from our current samples and previous data from the same population (n ¼ 83; 64 early and 19 late), we conducted a one-way ANCOVA (two levels: early versus late pregnancy stages), on the number of developing embryos (embryo numbers were squareroot transformed for normality). The lower number of males in late pregnancy stages is owing to the fact that sampling occurred early in the breeding season. Male size was used as covariate as it was positively correlated with egg number (Y ¼ 11.83X 2 49.88; R 2 ¼ 0.47; n ¼ 83; p , 0.001). This was expected, as larger males have larger brood pouches able to receive larger broods.
From our current sampling (involving individual embryo photographs under a stereomicroscope), we only used good quality embryo images that allowed precise length measurements (n early ¼ 12 males, with 20-48% of the brood measured; n late ¼ 15, with 39-50% of the brood measured). The many exclusions of males were owing to the technical challenges imposed by the embryo extraction process and correct positioning for image analysis. As developing embryos are curled around the spherical yolk, we needed to separate the yolk in order to have embryos in focus. Embryo growth patterns were analysed with a Pearson product moment correlation. Heterogeneity in embryo size (CV) from early-and late-stage pregnant males was analysed in a t-test.
In order to verify if brood reduction alone could account for the developmental heterogeneity, from the onset to the end of rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181335 pregnancies, we devised a simple simulation-based approach (see the electronic supplementary material). Using the early pregnancy stage males, we initiated a process of simulated sequential embryo culling, using four distinct approaches: (i) random culling, (ii) culling of the smallest embryos, (iii) culling of the largest embryos, and (iv) alternating culling of the largest and smallest embryos. This way, we were able to verify the potential impact of random or non-random brood reductions in offspring development heterogeneity (CV). 1.61 + 0.10 cm, n ¼ 6; group 2: 1.64 + 0.07 cm, n ¼ 9; group 3: 1.49 + 0.11 cm, n ¼ 7; group 4: 1.73 + 0.09 cm, n ¼ 8). Post hoc tests (Student-Newman-Keuls) showed: (i) that the introduction of a very large female after pregnancy start was responsible for the production of the smallest offspring (group 3, 'Woman in Red' treatment, differed from all other groups), (ii) that offspring size did not vary with the introduction of a new female of the same size (groups 1 and 2 were similar), and (iii) that larger mothers give rise to larger offspring (group 1 differed from group 4). In this experiment, where males only mated with one female, male size was unre- (ii) Experiment 2: does the presence of a new very large female increase the occurrence of aborted embryos in pregnant males?
Results
After pregnant males were exposed to a very large female (n ¼ 11), as opposed to being alone (n ¼ 10), they were 142% more likely to show aborted embryos in the pouch (72.7 versus 30%, respectively; x 2 ¼ 3.83, p , 0.05). Males with or without aborted embryos were similar in size (logistic regression:
(b) Field study (i) Do wild males modulate reproductive investment by brood reduction?
As we are unable to measure, especially under natural conditions, both the number of fertilized eggs and the number of newborn offspring, we opted for an indirect way of detecting brood reduction. Using male size as a covariate, we conducted an ANCOVA to determine differences in embryo numbers in males sampled either early or late in pregnancy. We found a significant reduction in embryo numbers as pregnancy progressed (ANCOVA: F figure S1b ).
To try to understand the huge drop in embryo size heterogeneity, we simulated a series of embryo culling processes to see if they could account for CV reduction. Our simulations of sequential brood reductions, based on embryos from wild males at the onset of the pregnancy, showed that a random brood reduction is unable to explain the observed decrease in brood heterogeneity during development in the marsupium (figure 2). When randomly culling embryos, the CV remained constant up to the point where only very few offspring remained (extremely far from the expected 17% brood reduction observed in the wild). Nevertheless, if the embryo culling process was not random, operating either on the smallest or larger embryos, the CV dropped much faster (as expected, as we were eroding the embryo size distribution at one of its tails). The fastest way to decrease CV was, expectedly, to simultaneously cull both small and large embryos, although the reduction was not markedly steeper (figure 2). We then superimposed our data from experiment 1 ('Woman in Red' effect), namely that of the CV calculated for each of our four groups, into our CV simulations at the projected 17% brood reduction (we should stress that the simulations disregard any type of male resource allocation to the brood). Only group 3 ('Woman in Red' treatment), where male investment was supposedly depressed, fitted perfectly on top of the nonrandom culled brood simulations (where the effects of male resource allocation are absent; figure 2). Groups 1 and 2 (both dealing with the presence of one or two above-average pipefish females) presented final CVs lower than those projected by the simulation (group 1: 5.73%; group 2: 5.55%), but still higher than those actually recorded in wild males at later stages of pregnancy (4.73%). Only group 4 (very large females; 4.57%) showed a value similar to the one recorded in the wild. It must be noted that our laboratory experiments involved reproduction with only one female, while males in the wild typically mate with an average of three females [22] . Consequently, our observed CVs from experiment 1 are possibly lower than those from multi-mated males, as more contributing females have the potential to create a more heterogeneous brood.
Discussion
All males gave birth to living offspring. The lack of a complete abortion of the brood could be attributed either to its rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181335 absence in this species or to the fact that the stimuli (the new female) was introduced too late to elicit a full pregnancy block. Nevertheless, newborn sired by males that received eggs from one female and were then exposed to a very large female (group 3) were significantly smaller than those from all other groups (figure 1). Similarly, house mouse females were found to invest less in their offspring when exposed to a novel male late in pregnancy [25] .
In our case, the reduced size at birth in group 3 cannot result from differences in female investment. As female pipefish do not invest in offspring after mating, egg resources in group 3 should be similar to those in groups 1 and 2 (all males in these groups mated with females of similar size). Indeed, in group 2, with new but similar sized females, offspring of the expected size were produced. Therefore, it is the pregnant male who reduces the allocation of resources to the brood, within a shorter pregnancy, when presented with a superior quality female. Kvarnemo et al. [13] showed that male pipefish provide nutrients to developing embryos, and our results further suggest that males are also capable of adjusting the level of provisioning. With a better future perspective for reproduction (with the metaphorical Woman in Red), it is obviously beneficial for males to invest less in current reproduction [20, 26] , as resources and time could be guided to a prospectively more rewarding pregnancy. Future work should monitor key variables such as male and offspring growth patterns or survival. These would certainly help better understand the extension of male benefits when deciding to reduce investment in an ongoing pregnancy.
In the second experiment, where pregnancies were interrupted for visual inspection, we observed that a brooding male allowed to see a very large female was more likely to abort embryos than a male in solitary confinement. Hence, despite distinct adaptive explanations and obviously switched gender roles, the 'Woman in Red' effect has similarities with the Bruce effect.
In the wild, S. abaster males suffer a significant brood reduction (approx. 17%) from early (egg) to later (embryos hatched but still within the male's pouch) pregnancy stages, as observed in other pipefish species [20, 27, 28] . Curiously, the CV of embryo size (capturing brood size heterogeneity) of the late pregnancy stage was considerably lower than that from the early stage (electronic supplementary material, figure S1b). Given the observed brood reduction, the decrease in heterogeneity may be seen as resulting not only from differential male resource allocation but also from a non-random embryo culling process. With a random embryo culling process, CV remained largely constant and thus could not explain the observed reduction in CV (figure 2). However, when selectively culling the smallest and/or the largest embryos, our simulations produced a pronounced reduction in CV. Interestingly, only the CV recorded for the embryos from the 'Woman in Red' group (3), where males depressed their investment, conformed with those predicted by our simulations of non-random embryo abortions (which do not take male investment in the brood into account). This observation indicates that non-random abortions contribute to the observed brood homogeneity in the field, but male resource allocation is also required to lower the variation even further. Only when males were willing to invest in the current brood (groups 1, 2 and, especially, 4), did we observe a type of stabilizing selection within the marsupium closer to what is observed in nature.
An alternative explanation to the pattern observed in wildcaught males is that males with well-developed embryos had mated with large females early in the season (large females breed earlier, see [22] ), producing a low CV just like in group 4 females (experiment 1). However, even if we cannot refute this explanation, it is less likely because: (i) all females in our experiments were large and thus likely to breed early in the breeding season, (ii) field males in early as well as late pregnancy stages (separated by a few days, in a breeding season that last several months) would have mated with large females, as small females breed later than we sampled, and (iii) experiment 1 demonstrated a 'Woman in Red' effect with more heterogeneous broods only in group 3 (the 'Woman in Red' treatment), consistent with our simulations of non-random culling. Thus, our experiments demonstrate a 'Woman in Red' effect, and the field data suggest it.
Male pipefish, triggered to invest less in ongoing pregnancies by the sight of a very large, sexy female, hence produced smaller and more heterogeneous offspring, while also reducing brood size. As in pipefish resources derived from aborted embryos are captured by the father, instead of being directly distributed among developing embryos [14] , males stricken by a sexier female not only save energy reserves for a presumably more auspicious future reproductive event, but they also potentially seize resources from a less rewarding brood. The small and heterogeneous offspring from group 3 imply that brood reduction-related resources were not re-invested. In mammals exhibiting the Bruce effect, females anticipating infanticide are basically faced with the dilemma of continuing with the current pregnancy (and potentially losing all resources invested in pregnancy, and beyond) or aborting the current brood. The pregnancy block allows them to minimize losses and use available resources in a future reproduction with the new dominant male. In pipefish, as females do not purposely kill the offspring of rivals, pregnant males do not seem to face such a severe dilemma. Broods are not at risk of complete extermination and that might help understand why we were unable to observe radical counterstrategies such as a complete pregnancy block. Nevertheless, by reducing investment in current broods (while potentially capturing additional resources from aborted embryos), males could harvest fitness benefits if given discernably improved future reproductive perspectives. Keeping the current brood, even if partially reduced and giving rise to less fit offspring, can still allow for the production of descendants while securing the necessary resources for a future pregnancy with a superior quality female.
In the wild, small females usually do not breed until the end of the breeding season [22] , when the ovaries of large females are already depleted. The 'Woman in Red' effect, beyond the male preference for larger females [23, 29] , may explain why. Even if given the chance, smaller females may not benefit from mating with males regularly meeting highquality females. This is because: (i) a small female's offspring may be neglected by the male (resulting in smaller fry that becomes more exposed to predation by conspecifics), (ii) a small female's brood may be reduced by the male, and (iii) part of a small female's investment into eggs may be used by the male to fuel his future pregnancies.
The first reports of post-copulatory sexual selection within the male's marsupium established causal links to fitness trade-offs between consecutive broods [20] . Here, we uncover a more immediate, socially induced mechanism for such selection. We show, to our knowledge for the first time outside placental mammals, the occurrence of a Brucelike effect in a taxon with male pregnancy. Hence, syngnathid male pregnancy continues to show striking similarities with that of mammals as the brood pouch emerges as a privileged arena for selection and conflict.
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